Deuterium(D) retention behavior in tungsten(W) exposed to deuterium plasma and gas was studied by means of thermal desorption spectroscopy (TDS): deuterium plasma exposure in which W was exposed to D plamsa with 35 eV/D + at 393 K to the fluence of 3.8×10 24 D/m 2 ; D2 gas charging in which W was exposed to D2 gas of 500 kPa at 773 K for 4 hours. TDS shows that the total D retention in plasma exposure W is ~10 22 D/m 2 , one order of magnitude higher than that of gas charging W; however, the D2 desorption peak of gas charging W is 952 K, much higher than 691 K of plasma exposure W. The detrapping energies of deuterium were determined experimentally from the measured peak temperatures at different heating rates and were found to be 2.17 eV for gas charging W and 1.04 eV for plasma exposure W, respectively.
Introduction
Low tritium (T) retention is one of the main advantages of tungsten(W) as the plasma-facing material (PFM) for future magnetic fusion devices, such as the International Thermonuclear Experimental Reactor (ITER) [1] and the China Fusion
It is necessary to evaluate the release behaviors of hydrogen isotopes trapped in different sites. There have been extensive studies on the thermal desorption of deuterium(D) in W by plasma exposure [7, [11] [12] [13] . The 'ion-induced' vacancies are usually associated with D agglomeration in molecules and bubbles near the implanted surface. And the voids are often formed from vacancies clustering together to form small microvoids [9] . A single vacancy can trap multi-D atoms, so can voids and bubbles. The detrapping energies of D in vacancies are largely scattered, reported to be 1.0~2.2 eV [7, [9] [10] [11] [14] [15] [16] . For example, the lower temperature desorption peaks (500-650 K) likely represent single vacancies with a trap energy of 1.0-1.6 eV [11] , while the high-temperature desorption peaks (~900 K) are likely associated with the formation of microvoids or vacancy clusters in W with a trap energy of 1.7∼2.2 eV [9] [ 11, 14, 16] . Note specially, most of the detrapping energies mentioned above were obtained by fitting numerical calculations based on diffusion-trapping codes to experimental thermal desorption spectra(TDS) [16] . A large uncertainty in determination of characteristics of defects in such approach is given by dependence of TDS spectrum simulation on many input parameters, such as characteristic frequencies for trapping or detrapping, depth distribution of traps and trapped D [11] .
The direct experimental values of detrapping energies are still scarce [17] . Zibrov et al.
made these efforts [11, 17] . The D detrapping energies for single vacancies and vacancy clusters was determined experimentaly to be 1.56 eV and 2.10 eV, respectively [11, 17] .
On the other hand, as expected, hydrogen isotopes will also enter into W by thermal diffusion during the process of continuous plasma bombardment [18] . 
Experimental
Rolled W (purity of >99.95%) purchased from Advanced Technology & Materials
Co., Ltd. was used in this study. The samples with dimensions of 10× 10×1 mm 3 were all mechanically polished to obtain a mirror-like surface, and then ultrasonically cleaned in ethanol and acetone. Thereafter, high-temperature annealing (1273 K/1 h) was performed in a vacuum of better than 10 -5 Pa for outgassing. The sample has a typical microstructure with the average grain size of about 4 μm (details are given in [7] ).
The schematic diagram of the gas charging system was shown in Fig. 1 . D2 was stored in a ZrCo storage bed, which was heated to drive D2 into the standard vessel.
The pipe system was cleaned three times by 10 kPa D2 before each experiment. The samples were exposed to D2 with a pressure of 500 kPa at 773 K for 4 h to obtain D saturated W samples according to the diffusive transport parameters of D2 through W samples [19] .
After exposure, all samples were cooled rapidly to room temperature in deuterium atmosphere. Note specially, the effect of deuterium desorption during cooling is not considered here, since all the samples have this same process [20, 21] .
Subsequently TDS experiments were followed. The 316 L stainless steel pipe which ions passed through was baked for 24 h to remove residual gas in the materials before TDS experiment. The samples were heated linearly up to 1273 K in the quartz tube, with a vacuum of 10 -5 Pa. In addition, in order to calculate the activation energy of D2 desorption peak, the heating rate was set to be 5 K/min, 10 K/min, 15 K/min and 20 K/min respectively for the D saturated W samples. D2 and HD signals were tracked by quadrupole mass spectrometer (QMS). And the D2/H2 signal was calibrated using two standard leaks after experiments. HD signal could be theoretically calibrated, which was the average of the sum of D2 and H2 [20] .
. As the literatures states [11, 23] , the peak at around 690 K in plasma exposure W, may correspond to the D release from single vacancies [11] , while the peak at around [11] or microvoids [23] . In addition, the spectra for 952 K have a shoulder at the temperature of 700 K that is presumably corresponding to the D release from single vacancies. We will discuss this further in the next session.
It is worth mentioning that although the deuterium injection layer is very shallow(about 4 nanometers from SRIM [24] simulation). However, the amount of deuterium retention by plasma exposure is 1.90×10 22 D/m 2 , nearly one order of magnitude higher than that by gas charging, as shown in Fig.3 . The origin of such diferences is not completely clear. It may be due to that the deuterium entering into W by plasma exposure is supersaturated [3, 25] . For example, Gao et al. [25] even found the existence of a 10 nm thick D-supersaturated surface layer (DSSL) with an unexpectedly high D concentration of ~10 at.% after irradiation with ion energy of 215 eV at 300 K [25] . The comparison of deuterium retention for plasma exposure W and gas charging W indicates that the non-equilibrium process of deuterium entering into W by plasma exposure may be the main component of deuterium retention in tungsten, and near-surface vacancies are responsible for this retention [26] .
The measured deuterium content in gas charging W is the order of 10 21 D/m 2 , much higher than the solubility of interstitial deuterium in W [21, 27] . This difference also indicates that defects (e.g. dislocations, grain boundaries and vacancies) would play a dominant role in the actual amount of deuterium retention in W [28] . H loaded over solubility limits should stay somewhere in the bulk accompanying some lattice distortion and also making bubbles [3] , such as H-induced superabundant vacancies [29] .
The peak of 952 K in gas charging W is also in accordance with the characteristics of the D release from vacancy clusters [11] . lower than that in gas charging W at the same heating rate. This further confirms that deuterium in gas charging W is more difficult to be removed.
Detrapping energies of deuterium
The detrapping energy means the energy barrier for D escape from a trap, which is usually defined as the sum of the bingding energy and the activation energy for D diffusion [17] . Deuterium trapped by various types of defects in tungsten requires different detrapping energies. The literature states that desorption peaks near 900 K correspond to trap energies of ∼2.1 eV [16] . These traps are typically voids [30] or vacancy clusters [11] . The peaks at around 600 K correspond to the D release from single vacancies with trap energies ranging from 1.1 to 1.4 eV [11, 31] . Thus, it is interesting to determine the detrapping energies of D in gas charging W and plasma exposure W. The detrapping energies of trapped deuterium can be determined experimentally from the measured peak temperatures at different heating rates [11, 32] , as described by the following equation:
where Edt is the detrapping energy for D in the metal, β-the heating rate, Tp -the temperature corresponding to the TDS peak of interest, A -a constant depending on parameters of the material and trapping sites, and R-the universal gas constant.
Since β and Tp are known, the detrapping energy Edt of deuterium evolution from a trapping site can be calculated from the slope of a ln(β/ Tp 2 ) vs (1/ Tp) plot. The results are shown in Fig. 5 . The fitting results have good linear relationships and satisfy the Arrehenius relationship [32] . The detrapping energies of deuterium in gas charging and plasma exposure samples can be calculated as 2.17 eV and 1.04 eV, respectively. The detrapping energy of deuterium in gas charging samples is 2.17 eV, which is close to the value of 2.10 eV that was interpreted by several others as trapping of deuterium in vacancy clusters [11] or voids [9, 16] . The measured deuterium content in gas charging samples is much higher than deuterium solubility in tungsten [21] . It also indicates that vacancy clusters or voids may play a dominant role in the actual amount of deuterium retention in tungsten [33] . Note specially, these high-energy traps in W are usually formed by irradiation with neutron [9] , high energy ions (such as 10 keV/D ions [11] ) , or by the plasma exposure at high surface temperatures （680-950 K） of W [9] , while they are seldom reported to be found in the gas charging W.
The positron anihilation spectroscopy (PAS) measurements confirmed that monovacancy is usually found to be dominant in the undamaged W [7] . Considering that W was exposed to D2 with a pressure of 500 kPa at 773 K for 4 h in this work , this results further comfirmed that H isotopes could enhance vacancy formation [34] .
Vacancy clustering or voids may also easily take place due to the temperature higher than 550 K [9, 23, 35] . Thus, the high-temperature desorption peak (950 K) in the gas charging sample is likely associated with the formation of microvoids or vacancy clusters in the W with a trap energy of ∼2.17 eV.
The detrapping energy of the sample irradiated by plasma is 1.04 eV, which is in agreement with the trapping energy of deuterium by a single vacancy as reported by Poon [16] (~1.07 eV). It is worth noting that although the amount of deuterium retention by gas charging is much lower than that by plasma exposure, higher trap energies and physically deeper trap location could all increase the temperature of the release peaks of D in the gas charging sample [16] .
Conclusions
We carried out a study on the amount, desorption temperatures and detrapping energies of deuterium in tungsten(W) exposure to D plasma and D2 gas. The results
showed that the total D retention in plasma exposure W is ~10 22 D/m 2 , one order of magnitude higher than that of gas charging W. Whereas, the D2 desorption peak of gas charging W is around 950 K, higher than that of plasma exposure W. The detrapping energies of deuterium in gas charging W and plasma exposure W were found to be 2.17 eV and 1.04 eV, respectively. Higher trap energy and physically deeper trap location could all increase the temperature of the release peaks of D in the gas charging sample. These results also suggests that deuterium in gas charging W was likely trapped by vacancy clusters while deuterium in plasma exposure W was trapped by a single vacancy.
